II. THEORETICAL MODEL
The design methodology consists in the fact that matching simultaneously all ports of a reciprocal and lossless four-port network, a directional coupler with two pairs of isolated ports is obtained [1] , [2] .
Based on this, considering a bisymmetric four-port circuit represented by [S]CL in Fig. 1 , all ports of the component are supposed to be matched by a two-port circuit represented by [S] M. Manipulating the [S]CL scattering matrix, the reflection coefficient  that must be present at the coupled lines ports in order to satisfy the above-mentioned condition is given by (1) 
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Once calculated the reflection coefficient  that must be produced by circuits represented [S]M and the fact that , given reciprocity and losslessness, completely specifies [S]M, the next step consists in the matching network design. This circuit is synthesized in the next section using a single segment of a transmission line.
III. MATCHING NETWORK
A simple and efficient method to obtain  is through a single segment of transmission line cascaded at coupled lines ports. The calculation of the characteristic impedance (ZLine) and electrical length () of the matching line is given by (2) and (3), for a port termination Z0. Re( )
For a low loss transmission line, only a real characteristic impedance can be considered, and consequently a matching network is feasible if the  satisfies (4) and (5). To illustrate the reflection coefficients achievable by this technique, a theoretical study presented on the -complex plane (Fig. 2) was performed. In this figure, the unity circumference (black) gives the limit of all passive reflection coefficient, and the green circles provide all feasible  using a single line segment. Considering the matching line designed with characteristic impedance (ZLine) comprised from 20 Ω to 120 Ω, to avoid extremely wide or narrow microstrip lines, the achievable  universe is described by the red and blue lines. The green-filled region is defined for ZLine out of the above considered limits. The red circumference locus shows the  behavior when ZLine is constant, and its electrical length  is tuned. Otherwise, the blue lines locus shows the  behavior when  is constant and
ZLine is tuned. The understanding of this performance is a useful information in the design process. In addition, this analysis shows that a single segment of line is not capable of generating any one passive reflection coefficient.
IV. BROADBAND PERFORMANCE
In this section, a broadband design with respect to the directivity and matching is presented. It is apparent that broadband performance can be achieved in the situation in which the S-parameters of both matching network and coupled lines suffer a slight variation in the operation range. As this behavior is observed in electrical small transmission lines, this paper proposes a procedure to find a small, easy-todesign matching network for a specified coupled lines length.
Starting from the set of equations modeling the microstrip coupled lines [12] , the S-parameters for the calculation of  is performed, which allows the generation of a curve for the matching network electrical length  as a function of the coupled lines physical parameters.
By exploiting these functions, a graphic of  [ Fig , where t is the substrate thickness. Since the curve is generated, the user may select the dimensions of the coupled lines to ensure a small matching network, as described in the next section. 
V. DIRECTIONAL COUPLER DESIGN AND CHARACTERIZATION
To demonstrate the proposed technique effectiveness, a 2.2-GHz directional coupler is designed as follow. The circuit topology is presented in Fig. 4 , and is printed in aforementioned dielectric substrate with t = 1.524 mm and tan = 0.002.
Seeking for a coupling of 17 dB at 2.2 GHz, estimated using equations given in [12] , the chosen dimensions from Fig Finally, an optimization process was carried out in order to compensate the discontinuities effects [12] introduced by the chamfers and impedance steps, resulting in the final dimensions: W0 = 4. Therefore, for a better characterization, the termination load was measured in network analyzer and introduced in HFSS simulation, resulting in the HFSS-real load data, which agree better with the prototype curve. Since there are uncertainties in the measurement [13] , [14] and in the manufacture 
VI. FINAL COMMENTS
A new technique for the design of a high directivity microstrip directional coupler is presented in this paper. The proposed method allows the design and construction of a simple and efficient device which was ratified by a prototype manufactured to operate at 2.2 GHz. The proposed methodology allows for a high-directivity, matched, broadband and electrically small directional coupler and offers a systematic approach to its design.
